Abstract : Magnetic relaxation in the Bi-Sr-Ca-Cu-0 systems has been investigated in a wide temperature regime.
I. INTRODUCTION
The decay of magnetization with time is a well-known phenomenon in Type-I1 superconductors [ 1, 2] . Anderson and Kim first explained this phenomenon by using a thermally activated flux-creep model 131. They assumed that the fluxoid motion is thermally activated and the rate at which the "flux bundles" jump over the pinning barriers can be described by an Arrhenius-type expression v = vo exp { -U(i)kT}, (1) where vo is the attempt frequency and U(i) is the effective activation energy. Because of pinning, a non-uniform distribution of vortices exists at the critical state. At the critical state, j -jc (where jc is the critical current density) and UUc) -0. As the system relaxes to achieve a uniform distribution of vortices, the current density decays and the activation energy grows. The activation energy gives a measure of the barrier to the flux motion, that is U(j) is small when the system is relaxing quickly, and vice versa. The rate equation can be written as where a = kT/a and b = -(k2T2/2a3)p. Both a and b can be determined from magnetic relaxation experiments and used to calculate a and p. With the knowledge of slope ct and curvature p, one can construct U-j curves using Equation (3) [51.
In this paper we report the U-j curves for Bi-Sr-Ca-Cu-0 systems in which the pinning energy has been enhanced by introducing a large quantity of calcium-and copper-rich precipitates into the stochiometric compound Bi2Sr2CaCu20x (2212). We will show that although U does not give the true pinning energy, Up, one can still use the U-j curves for comparative studies, if one considers the temperature dependence of jc. We will also explain the effective activation energy in terms of the decay rate -dj/dt.
EXPERIMENTAL DETAILS.
Glass samples with the nominal compositions of Bi2Sr2Ca2Cu30x (2223), Bi2S qCa3CuqO (2234), and Bi2Sr2CaqCu50x (2245) were made by the splat quenching method reported earlier by Shi et al [6] . The quenched glass samples were then annealed at 870 OC in air and then slowly cooled to room temperature.
Magnetic relaxation experiments were performed by using a QUANTUM DESIGN SQUID magnetometer. The samples were zero field cooled to the desired temperature below Tc. A magnetic field of 0.1 T was applied after the stabilization of the temperature, and the magnetization was recorded as a function of time. The initial magnetization value was recorded 300 seconds after stabilization of the magnetic field. A scanning length of 3 cm was used to reduce the effects of field inhomogeneity.
RESULTS AND DISCUSSIONS (2)
Figures 1 and 2 show hysteresis and jc vs. H for 2223 (near-stochiometric) and 2245 (off-stochiometrk) samples.
of thin rectangular plates. The intergranular jc was estimated by using standard Bean's model [7] . As evident from Figs.1 and 2, a larger hysteresis and higher jc are observed for offstochiometric 2245 compound. It should be noted that both 2223 and 2234 are nominal composition. After quenching and annealing, these samples crystallize and form mostly the stochiometric 2212 phase with various amounts of fine dj/dt =A exp (-UkT).
We now expand u(i> in the lleighborhood of Some c~flent The grains of the annealed samples appear to be in the shape density jo [4]:
Substituting Equation (2) in Equation (3) and integrating (submicron) andcopper-rich between time to and t, one obtains
The difference in the jc in the 2223 and 2245 samples can be attributed to the large quantity of calcium-and copper-rich precipitates. Extensive Transmission electron microscopy has shown that only a few precipitates exist in the 2223 samples whereas a large amount of fine precipitates was found in the j(t) = j(o) + a ln(t/b) + b ln2(t/to), directly related to the critical material. Figure 4 shows U vs. M curves at T = 10 K for the 2223 and 2234 samples. As we have pointed out earlier, U gives a measure of the barrier to the flux motion and hence does not reflect the true pinning force but rather forces opposing the flux motion. The true pinning energy, Up, is more relevant in transport measurements. However, at a given driving force and temperature one can still make a comparative study of two materials. As can be seen from Fig. 4 , at a constant driving force (i.e., constant M) U is higher for the 2245 sample than the 2223 sample. From equation (2) one can say that at the neighborhood of any particular M, the magnetization for the 2223 sample is decaying faster than that of the 2245 sample.
This implies that since the thermal energy -kT is same, the vortices are facing a much higher bmier for the 2245 sample than for the 2223 sample. This barrier can be attributed to the flux pinning by the calcium-and copper-rich precipit; res and other lattice defects observed in the 2245 sample.
IV. CONCLUSION
We have studied magaetic relaxation for 2223 and 2245 samples and constructed U-M curves. We have also observed that the 2245 sample has :I larger hysteresis and higher jc than 2223 sample. These results were attributed to the flux pinning by the calcium-and copper-rich precipitates and other lattice defects observed in 2245 sample. This was also reflected in the U-M curves, and we have shown that at a constant M, 2245 sample has a higher U than that of 2223 samples. 
